Microstructure Selection of Sm-Co-Al Alloys to Increase Magnetization by Dick, Brian
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
Mechanical (and Materials) Engineering -- 
Dissertations, Theses, and Student Research 
Mechanical & Materials Engineering, 
Department of 
Spring 4-2012 
Microstructure Selection of Sm-Co-Al Alloys to Increase 
Magnetization 
Brian Dick 
University of Nebraska-Lincoln, briandick86@gmail.com 
Follow this and additional works at: https://digitalcommons.unl.edu/mechengdiss 
 Part of the Mechanical Engineering Commons, and the Metallurgy Commons 
Dick, Brian, "Microstructure Selection of Sm-Co-Al Alloys to Increase Magnetization" (2012). Mechanical 
(and Materials) Engineering -- Dissertations, Theses, and Student Research. 34. 
https://digitalcommons.unl.edu/mechengdiss/34 
This Article is brought to you for free and open access by the Mechanical & Materials Engineering, Department of at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Mechanical (and Materials) 
Engineering -- Dissertations, Theses, and Student Research by an authorized administrator of 
DigitalCommons@University of Nebraska - Lincoln. 
  
Microstructure Selection of Sm-Co-Al Alloys to Increase Magnetization 
 
 
by 
 
Brian Jerome Dick 
 
A THESIS 
 
Presented to the Faculty of 
The Graduate College at the University of Nebraska 
In Partial Fulfillment of Requirements 
For the Degree of Master Science 
 
Major: Mechanical Engineering 
 
Under the Supervision of Professor Jeffrey E. Shield 
 
Lincoln, NE 
 
May 2012 
 
 
Microstructure Selection of Sm-Co-Al Alloys to Increase Magnetization 
Brian Jerome Dick, M.S. 
UNIVERSITY OF NEBRASKA, 2011 
 
Advisor: Jeffrey E. Shield 
An ever increasing demand for higher performing magnets drives the need for 
new and innovative methods to achieve this goal.  Sm-Co rare earth permanent magnets 
have a unique eutectic microstructure that, through refinement, could become a two-
phase magnet which would significantly increase their energy product. The eutectic 
structure of Sm8Co92 is comprised of αCo rods embedded within a Sm2Co17 matrix. If the 
rods are small enough to encourage exchange coupling and the matrix is smaller than the 
single domain limit, then an efficient two-phase magnet is created. 
Refining the Co rods and matrix size were the goal of this research. The method 
used to accomplish this goal was through adding Aluminum. Al was added in increments 
from 1-5 atomic percent. The goal of adding Al was to increase the number of nucleation 
sites and so increase the number of rods and decreasing their size. The Al would also act 
as an obstacle that the forming phases would have to push out of the way, slowing their 
progress. The beneficial by-product of the refinement of the microstructure is an increase 
in coercivty. 
 With the addition of Al to the alloy the average αCo rod size was reduced from 
300 nm to about 70 nm. This was accomplished at a melt spinning wheel speed of 10 m/s. 
Therefore at higher wheel speeds this would be reduced further. Also it was shown that 
the volume fraction of αCo remained relatively constant throughout.  
Magnetic analysis was performed and the coercivity of Sm8Co92 with additional 
3% Al was not higher than Sm-Co magnets. This could be due to several factors but not 
to a creation of different phases. It was shown through x-ray diffraction that no new 
phases were formed when higher melt spinning wheel speeds were used.  
With the addition of Al, the microstructure is considerably refined with the 
addition of up to 5% Al.  
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1. Introduction 
1.1 Magnetic Materials 
Magnets are used in a wide variety of everyday products. They are used in power 
generation components, hard drives, and many other electrical components. The desire to 
decrease production prices drives the need for higher performance magnets. Higher 
performance magnets allow for lighter and smaller magnets which are advantageous to 
product design. Also due to increasing material costs, the need for smaller magnets to 
accomplish the same tasks as large magnets is a major priority. In order to improve the 
magnetic properties, one needs to investigate the microstructure and understand how the 
alloying and processing can affect the magnet. 
1.2 Objective 
The Rare Earth magnet to be investigated is Sm8Co92. The eutectic microstructure 
that is formed from this alloy is very desirable for magnetic applications [1]. The 
anisotropy of the material is the main limitation for this alloy. The coercivity is limited by 
the anisotropy and if increased would increase the energy product of the magnet which is 
beneficial. If a two-phase microstructure could be incorporated into the microstructure on 
a nano scale then the remanence and coercivity will be increased. This will result in a 
higher energy product for the magnet. The objective of this research is to determine the 
eutectic solidification limit of Sm-Co-Al alloys and how the addition of Al affects the 
microstructure.  
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1.3 Phase Diagrams 
Phase diagrams are the cornerstone to understanding the microstructure of an 
alloy. Within an alloy are several phases, each having different properties and through 
careful selection of the composition, the optimal alloy can be created. The eutectic 
microstructure is the microstructure of interest in this study.  A eutectic structure occurs 
when a liquid transforms directly into a solid with two different phases present. In Figure 
1 a generic phase diagram can be seen.  
 
Figure 1: Binary eutectic phase diagram. 1 = Hypoeutectic, 2 = Eutectic, 3 = 
Hypereutectic Composition (after [2]). 
 
 
 
Temperature 
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Three main areas of the phase diagram are examined.  First at composition 1, the 
alloy starts as a liquid and during cooling passes through the A + L region, and  as the 
alloy passes through the  region primary A dendrites are formed. The liquid has become 
enriched in B. Upon further cooling the alloy passes into the A + B region where the 
remaining liquid turns into A+B eutectic structure. The final condition for alloy 
composition would be made up of primary A dendrites with A+B eutectic structure 
around the dendrites. This is a hypoeutectic microstructure. 
The composition at 2 goes straight from the liquid phase to A+B eutectic solid 
phase.  
The composition at 3 is similar to the first composition but instead of A dendrites 
there are B dendrites surrounded by A+B eutectic structure. This is a hypereutectic 
microstructure. 
In this study, the eutectic microstructure is desired over hypo- and hypereutectic 
structures because of the absence of dendrites, which are typically larger in scale. 
In the Co-Sm phase diagram alloy system, a eutectic transformation occurs at 8 
atomic %Sm as seen in Figure 2. 
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Figure 2: Portion of phase diagram of Co-Sm (after [3]). 
 
The eutectic structure is made up of α-Co rods in a Sm2Co17 matrix. Since some 
of the cobalt is in the rods, the Sm2Co17 phase forms at about 10.5 atomic % Sm.  Both 
phases are formed simultaneously and this is the desired microstructure for good 
magnetic properties. 
In order to assure that the added aluminum is not making a separate phase with 
either the cobalt or samarium, the phase diagrams were analyzed. Both phase diagrams 
can be seen in Figure 3 and 4. 
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Figure 3: Co-Al phase diagram portion           Figure 4: Sm-Al phase diagram        
(after [3]).                                                           portion (after [3]). 
 
In both phase diagrams it can be seen that aluminum is completely soluble in Co 
at high temperatures and not soluble in Sm at high temperatures. Since the goal of this 
experiment is to keep the Sm-Co eutectic structure, the formation of other phases is 
unwanted. Therefore, the amount of Al added was small.  The main area of interest with 
the combination of all three elements is how much Al can be added and maintains an 
eutectic microstructure. This can be seen in Figure 5. 
Sm 
Al 
Al 
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Figure 5: Al-Co-Sm Ternary Phase Diagram. 
 
1.4 Permanent Magnets 
Understanding the principles behind magnetic theory helps analysis and drives 
this research.  The need for permanent magnets is increasing which drives the need for 
better and cheaper magnets. This is the motivation for this research and similar research. 
An overview of the two leading permanent magnets can be seen in Table 1. 
Table 1: Selected Properties of Nd-Fe-B and Sm-Co magnets. 
 
 
 
 
Type
Energy Product 
(MGOe)
Max Service 
Temperature (°C)
Curie 
Temperature (°C)
Nd-Fe-B 48-55 150 320
Sm-Co 31.5 350 800
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Nd-Fe-B magnets have a higher energy product but much lower service and Curie 
temperatures. Therefore Nd-Fe-B magnets cannot be used in applications with elevated 
temperatures.  
 The energy product often referred to as (BH)max, is a measure of the strength of 
the permanent magnet. In order to better understand this measurement, a hysteresis loop 
for a magnetic material can be seen in Figure 6. 
 
Figure 6: Hysteresis loop for a magnetic material (after [4]). 
 
A magnetizing force or magnetic field, H, is applied to the sample. This is plotted 
on the abscissa. On the ordinate axis, the magnetic flux density response is plotted. The 
magnetizing force is applied until the sample reaches saturation and then the force is 
reduced to zero. The remaining flux density of the sample is  
12 
measured as the remanence. When the applied field is reversed, the field which reduces 
the flux density to zero is the coercivity of the sample.  
 Remanence is the result of intrinsic atomic properties of the elements that 
comprise the alloy, as well as microstructural. The anisotropy of the material largely 
controls, but Hc microstructure as well derives the coercivity. Soft magnets have low 
coercivity and high remanence while hard magnets have the opposite. In order to improve 
permanent magnets, higher coercivity and remanence must be obtained. 
 
1.5 Two-Phase Magnets 
 
Two-Phase magnets were first proposed by Kneller and Hawig in 1991 [5]. Since 
then there have been many studies towards achieving a two phase magnet [6, 7, 8, 9].  
 Exchange coupling between hard and soft phases can only occur if certain criteria 
are met.  A fibrous eutectic microstructure is a good candidate for an exchange coupled 
magnet. This is due to the rods acting as a soft phase inside the hard phase matrix. The 
eutectic structure consists of HCP-Co rods, a soft phase, embedded in a Sm2Co17 matrix, 
a hard phase.  
The main criterion is exchange length which defines the extent of magnetic 
coupling, thus defining micro scale. The exchange length  is defined as 
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The exchange strength is around 10-11 J/m and the anisotropy constant for a hard 
phase is around 106 J/m3 [16].  If a soft phase is created within a hard phase matrix, the 
scale of the soft phase rods cannot be greater than twice the exchange length. 
Theoretically it has been shown that the maximum exchange length is between 5 and 10 
nm [5, 9]. It has been shown experimentally that effective exchange coupling has 
occurred when the soft phase is about 30 nm [10]. A diagram of how the hard phase 
influences the soft phase can be seen in Figure 7.  
 
 
 
 
Figure 7: Diagram of effects of hard phase on soft phase when exchange coupling is 
achieved. 
14 
If the soft phase is smaller than the exchange coupling limit, the hard phase will 
completely influence the soft phase and increase the remanence of the material. The hard 
phase provides the coercivity so a higher energy product will be obtained.  The second 
critical length scale is the single-domain limit.  Theoretically, the single domain limit is 
given by [12] 
RSD =36(AK1)½/µ0Ms2 
 
Above this limit, a grain/region will self-divide into multiple magnetic domains to 
minimize the magnetostatic energy.  In a multidomain state, magnetic reversal can occur 
easily because of relatively easy motion of the domain walls.  Below this limit, 
demagnetization is controlled by nucleation and is in general more difficult.  For hard 
magnetic phases, the single domain limit typically ranges from 0.1 to 1 µm.   
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The objective of this research is to determine whether Al additions allow eutectic 
structure to be maintained while inducing refinement of the scale of both Co rods and the 
eutectic colonies below the single-domain limit.   
1.6 Sm-Co Magnets 
Sm-Co permanent magnets are the second strongest rare earth permanent magnets 
behind Nd-Fe-B magnets. The reason for continued interest in Sm-Co magnets is their 
higher Curie temperature (700 to 800 °C). Common application operating temperatures 
although are lower and range from 250 to 500°C. The Curie temperature for Nd-Fe-B 
(310 to 400°C) is much lower therefore Nd-Fe-B magnets cannot be used at elevated 
operating temperatures (150°C and lower). Because of this the need for stronger Sm-Co 
magnets is desired. 
1.7 Solidification 
Solidification controls the final properties of the microstructure. There are many 
different solidification techniques such as directional solidification, solid casting and 
rapid solidification. Each method will result in different microstructures from of the same 
alloy. The main forces that control the microstructure are heat flow and temperature 
gradient. How these are varied will affect the final microstructure.  
There are two types of cooling, equilibrium and non-equilibrium. Equilibrium 
allows time for all the atoms to diffuse so they are in their lowest energy state. Non-
equilibrium cooling happens much faster; therefore it produces various non-equilibrium 
micro-constituents. 
16 
Rapid solidification, a non-equilibrium cooling, utilizes very high cooling rates. 
This high cooling rate can generate large undercooling ∆T, which can increase the 
interface velocity. The larger the interface velocity, v, the more v will reduce the scale of 
the microstructure. This is due to v being proportional to ∆T2 [11]. For a eutectic alloy, 
the relationship between microstructual scale, λ, and growth velocity is [12]  
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For a given system, the heat of fusion, B, eutectic temperature, and surface energy 
are constants. Diffusivity of liquid is dependent on temperature according to [11] 
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At lower temperatures or larger undercooling, the diffusivity is reduced and the 
growth rate, R, also changes according to [11] 
. 4
          D  NOΔ8P 
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With a large undercooling, the growth rate will increase and the diffusivity 
decreases. A fine scale can be achieved since λ is about equal to the square root of (1/R) 
[13].  
It has been observed that higher wheel speeds retain the Sm-Co eutectic structure. 
The microstructure is refined with rod diameters reaching about 25 nm at 40 m/s. In 
Figure 8 the relationship between λ and wheel speed can be seen. It can be seen that as 
the wheel speed increases λ increase proportionally.  
 
Figure 8: Microstructure scale (λ nm) vs. V-1/2 (m/s)-1/2 (after [14]). 
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2. Experimental Procedures 
2.1 Sample Selection 
Samarium-cobalt-aluminum alloys with nominal composition of Sm8Co92 with 
additional aluminum from 0 – 5 atomic% in increments of 1.0 were selected for this 
study. The general formula is (Sm8Co92)100-xAlx where “x” was varied from 0 – 5 
atomic%. 
2.2 Measuring Samples 
The materials for the alloys were measured using a digital balance to +/- 0.0001 g 
for each element according to their weight percent. The total sample weight varied from 5 
to 8 grams to ensure proper melt spinning and enough ribbons were created for analysis. 
Since Sm vaporizes easily an additional 1.5 weight %  was added to compensate for any 
losses. These losses occur during arc melting and melt spinning. In order to determine the 
correct amount of extra Sm, several samples were created at different weight percentages. 
This percentage can vary from person to person due to different melting techniques.  
2.3 Arc Melting 
Arc melting is the process of creating an arc by striking a current through a 
charged electrode to the metal sample. This process has to take place in an ultra high 
purity (UHP) argon atmosphere to prevent oxidation of the sample. The samples were  
 
19 
loaded into the base of the arc melting chamber. The samples were placed in a finger 
shaped depression in the copper base and a zirconium ingot was placed in a separate 
depression. The chamber was then pumped down to approximately 60 millitorr and 
flushed with UHP argon 5 to 6 times. Once this was done the chamber was filled with 
UHP argon to a final pressure of -10 in. Hg. The zirconium ingot was melted first to 
make sure the arc melter was working and that the atmosphere was inert. After being 
melted the zirconium would either be shiny or black. If it was shiny the atmosphere was 
inert and if it was black then more pumping was required. When the zirconium ingot was 
shiny after melting, the alloy was then melted into an ingot. It was then flipped over and 
melted again while trying to avoid sputtering of the sample. It was then flipped over 
again and melted a third time. Net loss was monitored to assure that the correct atom 
percentages were created. At the end of the third melting the sample was a uniform ingot. 
2.4 Melt Spinning 
After the sample was formed into an ingot, melt spinning was performed on the 
sample. Melt spinning is a rapid solidification process where molten metal is ejected from 
a crucible and onto a spinning copper wheel. This interaction with the copper wheel 
causes the metal to rapidly solidify and form metal ribbons. Melt spinning the sample 
creates uniform ribbons that are easy to perform metallographic processes. Also by melt 
spinning, the scale of the microstructure can be controlled by the wheel speed. A wheel 
speed of 10 m/s was used so that the microstructure could be observed by optical 
microscopy.  
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Before melt spinning, a crucible must be prepared. The orifice of the crucible was 
maintained throughout the experiments at 0.81 mm. The crucible was then massed to help 
keep track of Sm loss after melt spinning. The sample was then loaded into the crucible 
which was then mounted in the melt spinning chamber. The chamber was pumped down 
and backfilled with UHP argon to a final pressure of 940 mbar. The ejection pressure was 
set at 200 mbar above the chamber pressure. This was needed to force the molten metal 
out of the crucible. Without this the molten metal will not exit the crucible due to its high 
surface tension. The wheel speed was set at 10 m/s for all alloys that were observed with 
optical or electron microscopy. Samples that were created to have magnetic testing done 
had a wheel speed of 40 m/s. The sample was heated by radio frequency induction  
produced in the copper coil surrounding the sample inside the crucible. Once the sample 
was melted, the overpressure was released forcing the molten metal out of the crucible 
onto the copper wheel. The final result of melt spinning is ribbons that were collected and 
massed. The crucible was also weighted to calculate the amount of Sm loss to make sure 
the sample was valid. 
2.5 Optical Microscopy 
Binary Sm-Co eutectic microstructure is very well known, so samples were 
observed with an optical microscope to confirm the presence of the eutectic structure. 
Optical microscopy was also used to make sure that the samples were neither hypo-nor 
hypereutectic. This was also the method used to find the correct amount of additional Sm 
to add to the sample. With the addition of Al the microstructure become too fine to easily 
observe with optical microscopy; therefore electron microscopy was used. 
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2.6 Electron Microscopy 
Scanning electron microscopy was used when optical microscopy no longer had 
the necessary resolution. Scanning electron microscopy has a resolution of approximately 
1 nm and this is produced by using a beam of electrons. The beam is produced by an 
electron source and is focused by passing through a series of magnetic condenser lenses. 
The electron beam is then rastered across the sample at a chosen location. When the 
electrons interact with the sample, secondary and backscattered electrons are released. X-
rays are released as well. The volume in which the beam interacts is a tear shaped 
volume. This volume is known as the interaction volume and this is where the electrons 
and X-rays are emitted, the information about the sample. This can be seen in Figure 9.  
 
Figure 9: Diagram of interaction volume created by electron beam (after [15]). 
 
The size of the interaction volume is dependent on the amount of energy of the 
electron beam and the material.  
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Secondary electrons are what are received to give the topographical image. The 
brighter the image the more secondary electrons are being emitted from the sample. 
Secondary electrons are created when electrons from the beam comes close to the outer-
shell electron in an atom. Therefore the atom’s electron is knocked off the sample and is 
detected and amplified which makes the image. Secondary electrons are very low energy 
and can only escape the material very near the surface. 
Backscattered electrons are produced when the electrons from the beam collide 
with atoms. This changes the direction of the electrons. This information can be used to 
find atomic number information due to the higher number of backscattered electrons the 
higher the density of the sample. 
Sample preparation for the scanning electron microscope is as follows. The 
ribbons created from melt spinning were placed in the base of a cylindrical mold. Then 
thermosetting resin was mixed and placed over the sample. This creates a mold that is 
easy to work with and holds to sample for polishing and etching. The samples were 
polished on metallographic polishing wheels with alumina solutions down to 0.05 micron 
particle size. In order to etch the samples were submerged in 2% Nital (2% Nitric Acid 
and 98% ethyl alcohol) for 15 to 20 seconds. Etching time varied between samples and 
difficult to achieve a uniform etch.  Once the surface was etched the epoxy resin mold 
was cut down so only the area of interest remained. This was done to ensure quality 
images on the scanning electron microscope without having to coat the sample with a thin 
layer of chromium. The samples were then placed in the Hitachi S4700 Field-Emission 
Scanning Electron Microscope (FE-SEM) and the chamber was pumped down and the  
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electron gun activated to emit high energy electrons at 5 kV. The resulting secondary 
electrons were obtained to construct micrographs. 
 
2.7 Magnetic Analysis 
 
Magnetic analysis was done using an Alternating Gradient Force Magnetometer 
(AGFM). The tests were performed at room temperature from 0 to 1.1 T. 
2.8 Powder X-Ray Diffraction 
 
One method of determining the phases present within the alloy is powder x-ray 
diffraction. This is done by using x-rays to find unit cell parameters, crystal orientation, 
and atomic structure of the powdered alloy. X-rays are useful analyzing atomic scale 
structures because their wavelength is on the order of 10-10 m. This means that the x-rays 
can enter the material and interact with the electrons of the atoms present. When the x-
rays are in phase and create constructive interference, information about the material can 
be obtained. This is also known as x-ray diffraction.  
 In order to obtain adequate results ribbons were powdered with a mortar and 
pestle. The powder was then placed on a zero background slide. The slide was then 
placed in the Rigaku Multiflex x-ray diffractometer with a Cu-Kα x-ray source. The 
sample was then x-rayed with moving detectors to determine at which angles there was 
constructive interference. The results were then analyzed to determine if any anomalies 
were detected between similar alloys of different wheel speeds. 
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3. Results and Discussion 
3.1 Basic Microstructure 
Sm8Co92 forms a eutectic structure consisting of Sm2Co17 matrix phase and α-Co 
rods as the secondary phase. A  relatively slow melt spinning wheel speed of 10 m/s  
produced a fairly coarse microstructure with rods of 300 nm diameter on average [2].  
The eutectic structure can be observed in Figure 10.  
 
Figure 10: Optical Micrograph of Sm8Co92 eutectic structure observed with optical 
microscope. 
3.2.1 Modified microstructure resulting from addition of Aluminum 
With the addition of Al to the alloy it was very clear the rods have significantly 
decreased in average size. Although from 1-4% added Al the rods appear to be of about  
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the same average size and area fraction. The area fractions were determined with image 
analysis and will be presented later. Added Al from 1-4% can be seen in Figure 11. 
 
Figure 11: SEM images of 1-4% added Al. 
 
The dark areas are the Sm2Co17 matrix and the white areas are the αCo rods. The 
eutectic structure is present in all four pictures and the area fractions appear to be similar.  
When 5% Al was added, the eutectic scale was observed to increase to ~300 nm 
rod diameters, which was similar to the binary Sm8Co92. Also a eutectic structure similar 
in size to eutectic structure found in the 1-4% added Al was observed in the SEM.  
A)  1% B)  2% 
C)  3% D)  4% 
2.00 um 2.00 um 
2.00 um 2.00 um 
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3.2.2 Image Analysis 
In order to determine the average size and area fraction of the αCo rods, a 
program called ImageJ was used. Representative images were selected from 1-5% added 
Al. They were then imported into ImageJ and converted into binary images. ImageJ was 
then used to find all particles and calculate the average size and area fraction. The process 
can be seen in Figure 13. 
 
Figure 12: SEM picture before and after using ImageJ creating a binary image. 
 
This was done for 1-5% Al at the highest magnification possible to acquire the 
best results possible. Also this process was performed on SEM pictures from previous 
work [2] to validate the results along with manual calculations on one sample. The 
manual calculations of ten rods had an average diameter of 85.6 nm while the same rods 
measured with ImageJ were 89.2 nm. The results were deemed to be accurate and valid. 
The results can be seen in Table 2 and Figure 14. 
27 
Table 2: Average Size, Diameter and Area Fraction of αCo for 0-5% added Al. 
 
 
Figure 13: Average Rod Diameter (nm) vs. Atomic % Al added to alloy. 
 
There is a clear reduction in rod diameter from 0 to 1% added Al. The average rod 
size goes from 300 nm to 92 nm. From 1 to 5% the rod diameter is fairly constant ranging 
from 92 to 68 nm.  
Another important factor is the area fraction. A high area fraction of soft phase is 
important for its magnetic properties. Also the affect of Al on the area fraction was  
Atomic Percent Al 
added to SmCo
Average Diameter 
(nm)
Relative Errors 
(+/- nm)
Area 
Fraction %
0 295.7 8.9 33.0
1 91.4 2.7 27.3
2 87.5 2.6 22.2
3 79.6 2.4 39.5
4 68.1 2.0 21.9
5 79.9 2.4 22.6
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observed and deemed to change the area fraction. The area fraction is also fairly constant 
from 22 to 33 percent with an outlier at 39.5. While this is a large difference, this can be 
attributed to picture selection.  
3.2.3 Eutectic Line Validation 
 In order to make sure that the desired eutectic structure could only be obtained by 
Sm8Co92, Sm7Co93 and Sm9Co91 alloys were created. These alloys also had an additional 
1 percent Al to see if that had any effect on broadening the compositional range to create 
an eutectic structure. The resulting microstructures can be seen in Figure 15 and 16. 
  
 
Figure 14: SEM image of Sm7Co93 with additional 1% Al. 
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While the eutectic structure is still present the microstructure is dominated by 
large α-Co dendrites. This is due to being a hypoeutectic structure. This is not a desirable 
microstructure for magnetic properties and large Co dendrites should be avoided due to 
its irregular structure and negative effects on exchange coupling. 
 When Sm9Co91 was created it was clear that the Al did not broaden the eutectic 
line. The microstructure is hypereutectic and the primarySm2Co17 dendrite dominates and 
α-Co rods only form in grain boundaries.  
 
 
Figure 15: Sm9Co91; Sm2Co17 with Co rods at grain boundaries. 
 
It can then be determined based on these results that adding Al to Sm-Co does not 
broaden the eutectic compositional range. 
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3.3 Magnetic Measurements 
Using the (AGFM) a hysteresis loop was measured for Sm8Co92 with 3% added 
Al at a wheel speed of 40m/s along with Sm7Co93 and Sm9Co91 with the same Al content 
and wheel speed. The higher wheel speed is needed to form smaller rods than were 
formed in earlier alloys. The smaller rods should promote exchange coupling to occur 
with the Sm2Co17 matrix and lead to a higher coercivity. The results can be seen in Table 
3. 
Table 3: Coercivities (Oe) for Sm-Co alloys. 
Alloy Coercivity 
Sm7Co93 790 (Oe) 
Sm8Co92 297 (Oe) 
Sm9Co91 742 (Oe) 
 
None of these coercivities are sufficiently large so exchange coupling may not be 
occurring. Exchange coupling could be occurring but other effects could be offsetting the 
added benefits. While the microstructure is refined through the addition of Al, the 
addition must not refine the structure in the correct fashion to achieve exchange coupling. 
Unexpected factors must have occurred while increasing the wheel speed such as the 
microstructure forming in a non-beneficial matrix.  
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3.4 X-Ray Diffraction 
 X-ray diffraction was performed to determine if at a higher wheel speed different 
phases were created. This could explain the low coercivity that was measured; exchange 
coupling should occur and have a much higher coercivity. Two samples were compared; 
Sm8Co92 with 3% added Al at 10 m/s and the other sample of the same alloy at 40 m/s. 
The results can be seen in Figure 17. 
 
Figure 16: Relative Intensity vs. Two Theta (deg) for Sm8Co92 with additional 3% Al at 
10 and 40 m/s wheel speed. 
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Based on the x-ray results there are no new phases created that would account for 
the low coercivity. Both samples have the same peaks at the same locations. The only 
difference between the two samples is the broadening of the peaks in the 40 m/s sample. 
This is caused by finer grains and shows that in the 40 m/s sample smaller α-Co rods are 
formed. Also the relative intensities are similar which means that the volume fractions are  
approximately the same.  
 The Scherrer equation was used to determine how much finer the grains created 
were through the faster wheel speed.  The equation used can be seen in Equation 5. 
(eqn. 5) 
Q  RST 
S  SUVWXYZP [ SW\V]ZVYZP
^._ 
Q  ! !`   " 7 7 0.9 R   [ # < 7 0.15418   <
 S  ! L;!  7  max  hiBj
 θ  4  
  
 With this equation the rod diameters were determined using the XRD data for the 
Co FCC peaks. The results can be seen in Table 4. 
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Table 4: Average Rod Diameters at 10 and 40 m/s wheel speeds. 
 
 
 
 
 The faster wheel speed does decrease the size of the rods but not enough to have 
any significant effect on the coercivity. Even through a faster wheel speed, a refined 
enough microstructure is not achieved. 
 
 
 
 
 
 
 
 
 
 
Peak 10 m/s 40 m/s 
Co fcc (111) 21.4 nm 20.9 nm 
Co fcc (200) 28.7 nm 18.3 nm 
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4. Conclusions 
The limit to which Al can be added to Sm8Co92 has been determined to be 
maintained up through at least 5 percent. At 5% there is larger scale eutectic structure, 
similar to 0% added Al, that is not desirable for increased magnetic performance. With 
the addition of Al the αCo rods diameter was decreased from 300 nm to about 70 nm. 
This is a vast improvement and will help with exchange coupling to make a two-phase 
magnet. Although with the addition of Al, the compositional range does not increase and 
a Sm8Co92 composition must be used.  
The Al was added in an effort to create more nucleation sites for the aCo rods to 
start. This appears to be what occurred do to the lack of a new phase as detected by XRD. 
While most of the Al can be assumed to be in the grains, some is determined to be in the 
grain boundaries. Further research would be necessary to prove this case. If Al was in the 
grain boundaries that would mean that as the grains grew they would have to push the Al 
out of the way. This would decrease the nucleation rate of the grains. With the addition of 
Al the αCo rods decreased in diameter from 295.7 to 68.1 nm. This was shown through 
image analysis. 
The magnetic results did not show a better magnet but this could be due to 
problems going from 10 m/s to 40 m/s melt spinning wheel speeds. It has been shown 
that there are phase differences between the two using x-ray diffraction. While the area 
fraction was similar between the two the rods in the 40 m/s could be larger than 
anticipated which would cause the low coercivity. The αCo rods may still be too large,  
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bigger than the single domain limit, or the αCo rods still be reversing too easily, the 
volume fraction is too high. Further investigation would be required to determine if this 
were true. 
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